Thank you for the submission of your manuscript entitled "Fundamental physical cellular constraints drive self-organization of tissues" and please accept my apologies for the delay in responding due to this particularly difficult time of the year. We have now received the reports from the two referees that accepted the invitation to review your paper, which I copy below.
As you can see from their comments, both referees are rather supportive of your study, but point out to a number of significant concerns that will require your attention before your manuscript can be published in The EMBO Journal. I will not repeat here the referee concerns, which mostly refer to clarifications and further discussion and I believe are rather straightforward. In any case, please contact me if you have any questions, need further input on the referee comments or if you anticipate any problems.
Although I do not think it will be an issue here, I have to remind you that we normally allow a single round of major revision only, which should be submitted within the next three months. Should you foresee a problem in meeting the three-month deadline, please let us know in advance and we may be able to grant an extension.
In general, this manuscript addresses a very interesting topic and the CVT path model brings new ideas that are likely to be of general interest in studying epithelial biology. The interesting new claim presented by this work is that random Voronoi diagrams plus reiterative application of Lloyd's algorithm are able to reproduce a number of different cell patterns in vivo. But, there are a number of issues described below that would need to be addressed prior to publication.
1. The authors should present a quantitative analysis of how well the in vivo topological distributions match the distributions predicted by the CVT path. In Fig. 1e the correspondence in the topological distributions in Diagram 1 and cNT and the correspondence between Diagrams 5, 6, dWP, Gibson et al., and BCA seem quite good. But in Fig. 3 the correspondence in cell areas seems quite poor. Although the CVT path predicts the off-center shift of the peaks, other features of the in vivo distributions, such as the height of the peak relative to the spread of the distribution, differ between the predicted and observed results. The authors should use statistical approaches to quantitatively compare the predicted and observed results. It is important for the authors to describe not only what aspects of the CVT path fit the data, but also aspects where the CVT path does not fit the data, to identify areas for future study.
2. The authors claim that some biological tissues such as the Drosophila eye closely resemble a random Voronoi diagram (Diagram 1). However, the Drosophila eye contains a very ordered, repeated cell pattern. From the data presented it looks like the eye resembles Diagram 1 topologically, but in terms of cell areas the eye is a poor match, with a clear repeating pattern of cell shapes ( Figure 4a ) and a bimodal distribution (please note that I was not able to access the Supplemental figures on the journal web site). The authors should present quantitative statistical comparisons to support all of their claims that in vivo data match specific points along the CVT path. Along these lines, the probability cloud in Fig. 2b -e should be attached to a p value for each dot.
4. The authors should add an explanation of what kinds of cellular processes could represent the biological equivalent of the CVT path. Is the progressive "relaxation" caused by multiple applications of Lloyd's algorithm equivalent to a uniform decrease in tension at cell edges, a uniform increase in tension at cell edges, or could both work? The authors should clarify that even though the in vivo tissues that they studied (and possibly, though not definitively, many more) resemble different points along the CVT path, this does not mean that they actually form through a mechanism that resembles the CVT path. For example, it is unlikely that most tissues form from an initially random Voronoi diagram that progressively relaxes. Indeed, timelapse imaging studies in many systems provide many examples where this is not the case. There are many reasons why the CVT path is still a useful framework for thinking about the cellular steady state, but the authors should be more cautious in their interpretations of how the CVT path relates to biology.
5. The fourth sentence of the Conclusion section is incorrect and should be removed: "The Voronoi diagrams and natural tessellations share this restriction, therefore all tissues under physiological conditions convey with the CVT path." The data in the paper do not support such a sweeping conclusion. The authors didn't look at all tissues, and they cannot rule out the possibility that there are tissues, among the large number of epithelia that they did not look at, that do not conform to specific points along the CVT path.
6. If appropriate, the authors could use their simulation approach to test hypotheses that are more relevant to the CVT path model presented, like whether heterogeneous line tension resembles Diagram 1, homogeneous low or high line tension throughout the tissue resemble the plateau of the CVT path, and whether different variations of these parameters produces various intermediates along the CVT path.
7. In many places in the text the authors make claims that are not well supported by the data. I tried to flag many of these here.
7a. In the abstract, the second part of the 6th sentence should be changed to: "the frequency of polygon types correlates with the distribution of cell areas." These two parameters (topology and area) are correlated, but based on these correlations it is not possible to distinguish whether cell areas dictate the topological distribution, the topological distribution influences the cell areas, or these two features are each constrained by a third parameter.
7b. The last sentence on p. 3 should be changed to "We uncover a primary level of cell arrangement regulation that correlates with the tissue homogeneity." 7c. The last sentence of the first paragraph on p. 5 should be changed to: "These results...suggested that the conserved polygon distribution can occur as a consequence of general physical constratins, in addition to as a topological consequence of mitosis." The authors have demonstrated an alternative mathematical framework that can reproduce the topological distributions seen in some epithelia. But, it is not clear if the dynamic cell behaviors by which epithelia actually achieve this distribution resembles a biological equivalent of the CVT path or if this distribution occurs through other processes such as cell division or rearrangement. It has already been shown by Gibson et al. (2006) that the topological distributions in the Drosophila wing are produced by cell division. The authors can propose that a biological equivalent of the CVT path provides an alternative route to reaching the same topological distribution that could apply in some cases, or could contribute to the cellular steady state following cell rearrangement or division. Live imaging would be needed to determine which tissues form through cell division, cell rearrangement, the CVT path, or other mechanisms.
7d. The last sentence on p. 5 should be changed to "Taken together, these results suggest that alternative mechanisms in addition to cell proliferation may explain the emergence of stereotyped polygon distributions." As above, the authors have not shown that the polygon distributions in vivo do not form through cell proliferation. What they have shown is that there is a plausible mathematical alternative that can achieve the same endpoint.
7e. The last sentence on p. 5 and the first full sentence on p. 6 should be changed to: "Importantly, the natural tessselations analysed in this and other works always matched the distributions produced by one of the diagrams of the "CVT path" (Fig. 1e and Fig. S1b ), suggesting that natural packed tissues ..." The authors cannot claim that natural tissues are limited to certain combinations just because the mathematical CVT path is limited in this way.
7f. The heading on p. 6 should be changed to "The distribution of cell sizes correlates with the frequency of polygon types..." 7g. The last sentence of the first paragraph on p. 6 is not supported by the data in this paragraph. The authors do not directly test whether contractility and/or adhesion are involved in the patterns that they observe. Intead, what they can conclude from the experiments in this paragraph is that "These results suggest that cell patterns in the Drosophila eye resemble some features of a random Voronoi distribution." 7h. In the first two sentences of the Conclusion on p. 11, the authors cannot claim that natural packed tissues are constrained based on their results. They can only claim that random Voronoi tesselations plus reiterative application of Lloyd's algorithm can reproduce a number of different cell patterns in vivo. This is a very interesting conclusion, but the authors should avoid making generalizations about other tissues that they did not look at, which is beyond the scope of this paper.
Comments on the figures:
8a. The authors should indicate how large the images were for each condition at the bottom of p. 13. This is an important indicator of how representative these data sets are (more cells = more representative).
8b. Fig. 1c should be segmentation of the image shown in (b) (not f). Fig. 1g should be PoissonVoronoi tessellation of the seeds shown in (f) (not a). All abbreviations should be defined in the figure legend.
8c. The authors should show the original image for the myosin II perturbed condition in Fig. 4b . An explanation of how myosin activity was disrupted in this experiment and a statistical comparison between dMWP and the CVT diagrams with p values should be provided.
Referee #2:
The manuscript "Fundamental physical cellular constraints drive self-organization of tissues" provides an interesting and also novel description of the processes that govern epithelial sheet formation. The authors use the well-known Voronoi tesselation combined with Lloyd's algorithm to show that all healthy tissues share the same set of physical constraints, which limit the distribution of different kinds of polygonal cell shapes.
I found the manuscript to be of sufficient importance to be published in EMBO Journal. I have, however, a few minor points of criticism that should be addressed before the manuscript is accepted for publication.
1. It is quite interesting that for the pathological conditions (Myosin II KD Drosophila wing, neurogenic atrophy tissue) the majority of discrepancies from CVT path occur in the number of heptagons. Did the authors check if this is a more general property in pathogenic tissues? Could the authors obtain images of other types of resting volume-deficient tissues to confirm the generality of this observation?
2. In all analyzed cases, the authors look at the stationary state of the tissue. There are, however, many crucial processes, where tissues dynamically change their shape and properties. In the events like wound closure, Drosophila dorsal closure, EMT transition, or zebrafish epiboly movement, Myosin II and Actin are locally recruited to provide constriction, which then drives these processes. It would greatly enrich the manuscript, if the authors consider also a dynamically changing tissue by analyzing microscopy snapshots of these events, and/or providing vertex model simulations. Would the tissue locally follow a non-CVT path in order to re-arrange?
3. On page 6, the authors state that "number of 4,5,7 or 8-sided cells was changing with respect to the percentage of hexagons..." -shouldn't it be "percentage of 4,5,7 or 8-sided..." ? 4. In the Methods section, the authors explain the continuous model of CVT path. The whole paragraph is quite poorly written and requires additional work to facilitate easier understanding. This section has many problems, just to list a few of them: -what is a "fact percentage" ? -" In the Voronoi diagrams means (?) knowing the number of hexagons we can get univocally the percentage of the rest of polygons" -the authors seem to mix numbers and percentages. Is it intended? -Why do the authors take into account only P4 to P8 and neglect other polygon sizes? A sentence explaining this selection is necessary.
-"Applying a curve fitting, we design a mathematical function that had the best fit to the set of data points in a range 25-70" Why that range? What is the "mathematical function"? Is it a polynominal or linear?
5. In Figure 1 description, "Segmentation of the image showed in (f)" should be pointing, I believe, to panel b.
6. Page 7, last paragraph -"arrangements such cNT" → "such as cNT" 7. In description of Figure 5 , panels g and h are not referenced.
8. It is hard to understand how subsequent points in Figure 5 e-h were obtained. The number of points per simulation case is different. Does each -say pink -point correspond to a subset of cells from Case 3 simulation? I didn't find this information clearly presented in the text. Referee #1:
In this manuscript by Sanchez-Gutierrez et al., the authors show that the topological distributions of several different biological tissues can be approximated by a random Voronoi diagram followed by varying numbers of reiterations of Lloyd's algorithm. This Voronoi-Lloyd method (referred to as the CVT path) produces an increasingly ordered topological distribution and increasingly homogeneous cell areas. After a large number of iterations, the initial topological distribution obtained from a Voronoi diagram of a random set of dots plateaus at 70% hexagons. Interestingly, the in vivo tissues studied appear to lie somewhere between the initial random Voronoi distribution and the final CVT plateau.
The authors show that some tissues, such as the chick neural tube, resemble an initial, random Voronoi distribution. Other tissues show a different, slightly more ordered distribution with fewer 4-sided and 8-sided cells and a higher fraction of hexagons (nearly 50%). Four or five sequential applications of Lloyd's algorithm (Diagram 5 or 6 in Fig. 1 ) produce a topological distribution that has previously been shown by Gibson and colleagues to be conserved across many epithelia. Presumably more ordered tissues in vivo would resemble Voronoi diagrams that went through more rounds of Lloyd's algorithm. Although the authors do not rule out the possibility that polygon distributions in vivo could occur through other mechanisms such as cell proliferation or cell rearrangement, they show that there is a plausible mathematical alternative that can achieve the same endpoint and may contribute to steady state topological distribution or apply in cases where the dynamic history of the cells is not known.
The authors go on to perform simulations using the vertex model. They found that changing the minimum tension threshold that cells needed to reach to divide led to deviations from the CVT path. They also implemented simulations where some cells had a lower ideal area and increased adhesion, leading to cells that had many neighbors and did not abide by Lewis's law. In general, it is not quite clear how these simulations fit together with the themes in the rest of the paper. If two simulations produce exceptions to the CVT path, it would be helpful if the authors could indicate what this means for the generalizability of the CVT path.
Answer:
We thank the reviewer for his/her comments and interest in the manuscript. Following the advice of the reviewer, we have toned down some of our conclusions adjusting them to the results shown in the manuscript.
Regarding this first point, the simulations are used to understand the two cases where we have observed a deviation from the CVT:
-Epithelial tissue with a genetic alteration (dMWP, reduction of myosin II).
-Neuromuscular disease (BNA, groups of atrophic fibres in the human muscle). We have tried to simulate both tissues and the results are shown in Figure 5 and Figure 6 respectively.
We have used these two exceptions to understand what is the biophysical component that is responsible in the normal cases for the Voronoi diagrams to reproduce the polygon distributions of very diverse packed tissues. The detailed analysis of dMWP and BNA made us hypothesise that they presented alterations on the cell resting volume. This was confirmed using the computer simulations (since we could not measure the internal cell pressure in vivo).
We have explained better the relation between the exceptions and the generalization of the CVT path at two paragraphs on page 11 and 12.
1. The authors should present a quantitative analysis of how well the in vivo topological distributions match the distributions predicted by the CVT path.
We have performed the quantitative analysis of how well the in vivo topological distributions match the CVT. This has been done using a CVT continuous model and statistical comparisons. Please note that the probability cloud it is only a way to visualising the data in the figures. It does not aim to present a statistical analysis, therefore it does not include p values. Figures and Tables:  -Table S2 : Quantification of differences between the natural tessellations polygon distributions and the CVT path.
The actual quantitative analysis is presented in the Supplementary
- Figure S2 and Table S3 : Analyzed packed tissues and Diagrams largely hold to several geometrical laws.
In Fig. 1e the correspondence in the topological distributions in Diagram 1 and cNT and the correspondence between Diagrams 5, 6, dWP, Gibson et al., and BCA seem quite good. But in Fig.  3 the correspondence in cell areas seems quite poor. Although the CVT path predicts the off-center shift of the peaks, other features of the in vivo distributions, such as the height of the peak relative to the spread of the distribution, differ between the predicted and observed results. The authors should use statistical approaches to quantitatively compare the predicted and observed results. It is important for the authors to describe not only what aspects of the CVT path fit the data, but also aspects where the CVT path does not fit the data, to identify areas for future study.
Answer: Regarding the relation between the area distribution and the polygon distribution, we have not been able to find a direct relationship. We have calculated and analyzed in Table S3 the values for several statistical parameters related to the shape of the area distribution.
The CVT is not able to predict the area distributions or the equivalence between area and polygon distributions. What we have been able to consistently observe is that the increase of smaller cells change the polygon distribution, reducing the percentage of hexagons and increasing the percentage of cells with low and high number of sides (3, 4, 8, 9, 10…) .
We think that area distributions in proliferating tissues are greatly influenced by cell divisions. Cells grow and after some time divide in half. In the case of dWP, this process increased the heterogeneity in cell sizes, however the polygon distribution is similar to Diagram 5 or 6.
What we interpret is that the area distribution is comparable between the same type of tissues: In the case of proliferating tissues cNT area distribution is clearly skewed compared with dWL or dWP, and therefore, cNT polygon distribution presented a larger number of four, eight and nine sided cells. Something similar occurs with the EYE, where the bimodal distribution is also skewed at the left (Table S4 and Fig. S3 ). Table S4 with several quantitative indicators of the shape of the distribution of the images analyzed in the article. The values for variance, skewness or percentile are very informative of the shape of the distribution.
We include
We agree with the reviewer that is important to treat the similarities but also the differences between the CVT and the natural tissues. Therefore, the variability in the distribution of cell areas among the different tissues and diagrams presented in the study is an important point to be discussed. We have added a complete paragraph discussing the relation between area distribution and polygon distribution in proliferative tissues and in the Voronoi diagrams.
2. The authors claim that some biological tissues such as the Drosophila eye closely resemble a random Voronoi diagram (Diagram 1). However, the Drosophila eye contains a very ordered, repeated cell pattern. From the data presented it looks like the eye resembles Diagram 1 topologically, but in terms of cell areas the eye is a poor match, with a clear repeating pattern of cell shapes ( Figure 4a ) and a bimodal distribution (please note that I was not able to access the Supplemental figures on the journal web site). The authors should present quantitative statistical comparisons to support all of their claims that in vivo data match specific points along the CVT path. Along these lines, the probability cloud in Fig. 2b -e should be attached to a p value for each dot. The probability cloud is only a way to visualize the CVT path and intuitively see the situation of the natural images with respect to it. The cloud does not aim to present a statistical analysis, therefore it does not include p values.
Answer: The Supplementary
In the case of EYE samples we want to point out that the tissue is similar at the level of the polygon distribution to D1, but not in terms of area distribution. As explained above and now also in the text, different area distributions can lead to similar polygon distributions.
In this case, in addition, D1 and EYE share similar polygon distribution but both tissues are clearly different in organization.
We consider that the points 3, 4 and 7c are referring to the relation of the CVT and the tissue dynamics. For clarity, we have made a single answer to address these different questions and concerns of the reviewer. (2004) have shown that cells can arrive at various topological patterns through cell division or cell rearrangement, presenting an alternative to the cellular equivalent of the CVT path proposed here. An important caveat of the conclusions in the present study is that without information about the dynamic histories of the cells, the authors cannot distinguish whether the patterns they observe arise through cell division, cell rearrangement, the CVT path, or a combination of all three. The authors should discuss how these references relate to the results presented.
7c. The last sentence of the first paragraph on p. 5 should be changed to: "These results...suggested that the conserved polygon distribution can occur as a consequence of general physical constratins, in addition to as a topological consequence of mitosis." The authors have demonstrated an alternative mathematical framework that can reproduce the topological distributions seen in some epithelia. But, it is not clear if the dynamic cell behaviors by which epithelia actually achieve this distribution resembles a biological equivalent of the CVT path or if this distribution occurs through other processes such as cell division or rearrangement. It has already been shown by Gibson et al. (2006) that the topological distributions in the Drosophila wing are produced by cell division. The authors can propose that a biological equivalent of the CVT path provides an alternative route to reaching the same topological distribution that could apply in some cases, or could contribute to the cellular steady state following cell rearrangement or division. Live imaging would be needed to determine which tissues form through cell division, cell rearrangement, the CVT path, or other mechanisms.
Answer: We think that this is an important point and we are sorry if we did not make it clear in the text.
In this work we propose that natural tissues exhibit similar polygon distributions to the Voronoi diagrams of the CVT path. However, we do not think that CVT reflects the dynamics of the tissues during development. We are looking at steady state, and not attempting to make claims about dynamics using our CVT analysis. In other words, we are not saying the CVT path is an actual path that cells go through to 'rearrange' themselves, but that at their steady states, different tissues adopt different diagrams of the CVT path.
Cells division and cell rearrangements will play an essential role in the dynamic organization of tissues during development. However, our results indicate that these changes will be under the additional biophysical restrictions revealed here for the natural packed tissues. Each diagram of the CVT is a consequence of the physical constraint that we have uncovered. We propose that the natural packed tissues analyzed can present different organizations, but they are restricted at the level of the polygon distribution to the ones described by the CVT path. Phenomena like cell proliferation or cell rearrangements can modulate the topology of the natural tissues within the limits of the CVT, but remain under the physical restriction presented in this work.
We have not found any biological process equivalent to the actual "path" of CVT. Again, we are not sure that there would be one. So far our findings are only referring to the stationary states analyzed.
The closest case that could be compared would be the data obtained with dWL (larva) and dWP (prepupa) samples. dWP is the same type of tissue as dWL analyzed 24 hour after (not the same samples). We found dWP to be "more relaxed" and with a higher percentage of hexagons than dWL. However, these tissues are actively proliferating and we think that the "dynamics" of the formation of dWP from dWL cannot be compared.
The topological distributions in the Drosophila wing and other tissues from other species shown in (Gibson et al. 2006 ) are produced by cell division. However, cell divisions could produce other topological organizations (as we show with cNT, the chicken neural tube). And the same stereotyped polygon distribution described in (Gibson et al. 2006) can be achieved without cell division (muscle tissue or Voronoi Diagram 5 and 6).
Regarding the tissues described in the paper of Gibson et al, we think that they are restricted by the physical constraint that we uncover in our article. In these cases, the proliferation and rearrangements modulate the topology of these tissues to be placed in the CVT similarly to a Voronoi diagram 5.
We have made changes in the conclusions section of the ms text to make it clear that we do not think that tissues develop as a dynamic mechanism 'down the CVT path'. To summarize, CVT is not directly related to the dynamic biology of the packed tissues, but reflect same constraints and has been (and will be) very useful to better understand the organization of the natural tessellations.
Answer:
We have modified the sentence accordingly: From: The Voronoi diagrams and natural tessellations share this restriction, therefore all tissues under physiological conditions convey with the CVT path.
To:
The Voronoi diagrams and natural tessellations analyzed in this work share this restriction, therefore, we suggest the CVT path could present a physical frame that packed tissues under physiological conditions would convey to.
Answer:
For simulations, we have tested a range of line tension values (homogeneously and heterogeneously), and they all failed to produce D1-like patterns, but gave homogeneous patterns such as Fig. 5B . Extreme values of line tension have produced artifacts such as delaminations. Only when we introduced changes in ideal area (A0), by simulating mitotic defects or atrophic cells, did we see heterogeneous patterns emerging. Therefore, we think that varying line tension alone is insufficient to produce heterogeneous patterns similar to D1 or other intermediates.
We agree with the reviewer that cell areas do NOT completely dictate the topological distribution. We see a relation between both but it is true that this can be altered in different ways (i.e. by cell proliferation or cell rearrangements). We have changed this sentence as suggested by the reviewer.
7b. The last sentence on p. 3 should be changed to "We uncover a primary level of cell arrangement regulation that correlates with the tissue homogeneity."
We have changed this sentence as suggested by the reviewer.
Answer: Answered with points 3 and 4 above.
Our results using the data from human muscle biopsies (that is a non-proliferative packed tissue) support our conclusion that "cell proliferation cannot completely explain the named "conserved distribution" described in Gibson et al 2006". However, we agree that the sentence proposed by the reviewer is more clear and also include our conclusion, so we have changed it as suggested. 7e. The last sentence on p. 5 and the first full sentence on p. 6 should be changed to: "Importantly, the natural tesselations analysed in this and other works always matched the distributions produced by one of the diagrams of the "CVT path" (Fig. 1e and Fig. S1b ), suggesting that natural packed tissues ..." The authors cannot claim that natural tissues are limited to certain combinations just because the mathematical CVT path is limited in this way.
7f. The heading on p. 6 should be changed to "The distribution of cell sizes correlates with the frequency of polygon types..."
We have modified the sentence as suggested by the reviewer.
7g. The last sentence of the first paragraph on p. 6 is not supported by the data in this paragraph. The authors do not directly test whether contractility and/or adhesion are involved in the patterns that they observe. Intead, what they can conclude from the experiments in this paragraph is that "These results suggest that cell patterns in the Drosophila eye resemble some features of a random Voronoi distribution."
We understand that the reviewer refers to page 8. We have not tested in this paper the role of adhesion and contractibility in the formation of the pattern in the eye. However, we and others (Escudero et al. 2007 , Brown et al. 2006 . Mirkovic and 2006 have demonstrated previously that asymmetrical adhesion and contractibility in the different cells that form the eye disc epithelium are necessary to form this repetitive and reproducible pattern shown in Fig. 4 .
Our results suggest that the repetitive pattern in this tissue is inside the framework established by the CVT path. The Drosophila eye resembles the polygon distribution of a random Voronoi distribution, but not the organization. We have added the above listed references in the text.
7h. In the first two sentences of the Conclusion on p. 11, the authors cannot claim that natural packed tissues are constrained based on their results. They can only claim that random Voronoi tesselations plus reiterative application of Lloyd's algorithm can reproduce a number of different cell patterns in vivo. This is a very interesting conclusion, but the authors should avoid making generalizations about other tissues that they did not look at, which is beyond the scope of this paper.
We have found that diagrams and natural packed tissues share some restrictions. Of course we cannot analyse every tissue. For this reason we analyzed altered/mutant tissues trying to find the causes of the primary restriction.
In line with reviewer's suggestion, we have toned down our conclusions changing the sentence to: "In summary, our results suggest that natural packed tissues cannot freely arrange into infinite organizations."
Comments on the figures:
Answer:
We have added the dimensions of the original images that were processed in the Materials and Method section. We have also included in Table S1 the number of cells analysed in each individual image, diagram or simulation. We consider that the number of cells and samples analysed make our data very representative.
We have corrected all the figure legends accordingly to include the abbreviations that have not been previously described.
We have added a new Supplementary Figure (Fig. S5) with the projection of the original stack used to segment Fig. 1A and Fig 4B as two examples . The complete process of segmentation of these Drosophila and Chicken images is described in (Escudero et al, 2011) . We combined automatic and manual steps to complete a perfect segmentation.
We have added the explanation of how myosin activity was disrupted genetically in the materials and methods section.
The comparison between dMWP and the CVT is included in the Table S2 . The significant deviation appear in the P6-P7 case with a p value < 0.05.
Referee #2:
Answer:
We thank the reviewer for his/her positive comments. Below, we discuss the criticisms and suggestions. We have also corrected and clarified all the points related with the text.
Answer: We have found it very difficult to identify other pathological conditions affecting the tissue specifically in this way (i. e. resting volume deficiency). In vivo perturbations can have pleiotropic effects caused by individual factors/parameters. This is the reason that we have used the in silico LOF approach with the simulations. Our aim has been to identify individually the factors responsible for the effects of the in vivo alterations in the organization of the tissue. We think that it is possible to have other scenarios where other polygons can be affected. For example, in the case of the very heterogeneous samples of the myosin II deficiency (dMWP category), we compared the average of all our samples and found the significant alteration in the percentage of heptagons. We interpret that this is the most robust effect among these samples. However, there are a couple of individual samples where the percentage of pentagons is higher than hexagons. This suggests that the pentagons could also be susceptible to be greatly altered.
We believe that it is possible that other non-physiological conditions will be appearing where the packed tissues will disagree with the CVT path diagrams in very different ways. We hope that the framework established in this work will help to understand the biophysical clues associated to these alterations.
Answer: In this work, our aim was to study the restrictions in the steady state organization of the natural packed tissues. We have analyzed snapshots in diverse contexts and tissues. Our analyses tried to capture and compare stationary situations taking into account large portions of tissues and not groups of cells.
Regarding the analysis of dynamic processes, we have made an approximation to this problem with our dWL (larva) and dWP (prepupa) samples. Both of them are from a tissue, the wing imaginal disc that is actively proliferating, growing and rearranging. However, when analyzing their polygon distributions both types of tissues were in the limits of the CVT. So, in this case our results suggest that during wing imaginal disc morphogenesis, the dynamics of the epithelia are subject to the restriction.
In addition, when performing the controls for the "proliferation simulations", we have analyzed the polygon distribution of different times (6, 12 and 18 hours). As expected, in the three steps the in silico tissue behaved as the CVT.
Related to the above, and also regarding to "dramatic events" such closures or other movements, we would like to comment that we are pretty sure that in dynamic situations and locally there are groups of cells that do not match the distributions of the CVT path.
To test this we have chosen the EYE samples and analyzed them in a different way. In the Drosophila eye imaginal discs myosin II (together with other cytoskeletal players) is the "motor" responsible for the topological organization of the photoreceptor clusters and their rotation. The analysis of only the clusters of photoreceptors and cone cells (green cells and blue cells in Fig. 4A Table S1 ).
So, it is clear that in this case the tissue locally follows a non-CVT path in order to re-arrange. However, we show that when the EYE is analysed completely, it conveys with the CVT path. The whole tissue is under the restriction and therefore a local increase of 4, 8, 9, 10 and 11-sided cells is compensated by the surrounding cells. We have added a sentence explaining the local effect. We think that it is possible that the same happens in other dynamic processes, where some cells can organize in a particular way to perform a movement or rearrangement, and the rest of the cells "adapt" to it.
intended?
Answer: We have corrected the sentence. This was an unintended error.
-Why do the authors take into account only P4 to P8 and neglect other polygon sizes? A sentence explaining this selection is necessary.
Answer:
We have included the following sentence in the Materials and Methods section: We did not include the rest of the polygons since they appear in a very low frequency (always less than 5%, and 0% in most of the Voronoi Diagrams, Table S1 ).
Answer: This range was taken since is the range where the percentage of hexagons take values along the complete CVT (minimum: realization 17 of D1, P6= 26.73; maximum: realization 13 of D200, P6= 73.68). Therefore, we have corrected the range since we have really used a range {25-75}. We have also explained that a slightly different range was used to "draw" the probability clouds that appear in Fig. 2B-E and Fig. 5 E-H .
Importantly, we have included the Table S6 to show the polynomial functions for each one of the 80 cases (20 realizations of the CVT path and 4 (P6, Px). We found adjusting equations of 2, 3 and 4 degree in different cases.
We have corrected the figure legend.
6. Page 7, last paragraph -"arrangements such cNT" → "such as cNT" Answer: We have corrected the text.
7. In description of Figure 5 , panels g and h are not referenced.
We have corrected the text. 8. It is hard to understand how subsequent points in Figure 5 e-h were obtained. The number of points per simulation case is different. Does each -say pink -point correspond to a subset of cells from Case 3 simulation? I didn't find this information clearly presented in the text.
Answer: For each type of simulations (control, case 2, case 3 and case 4) we performed individual simulations to capture the variability of the experiment. We performed 20 realizations for control, 13 for case 2, 17 for case 3 and 15 for case 4. These are the individual points in the graph and the numeric data is described in Table S1 . They are not subset of cells, but the analysis of each whole resulting image for each individual simulation.
We have corrected the text to clarify this.
N.B.:
We want to make a note regarding the Fig. 1A panel. We have noticed during the revision of the manuscript that the image in Fig. 1A did not correspond to a dWP image, but a dWL image. We have corrected this mistake that does not affect any of our results or conclusions. The original confocal projection used in the segmentation process of this image is shown in Fig. S5A .
2nd Editorial Decision 21 October 2015
Thank you for the submission of your revised manuscript to The EMBO Journal and please accept my apologies for the unexpected delay in responding. Thank you for your patience.
Your study was sent back to the referees, who now believe that most of the major concerns have been properly addressed and your manuscript is almost ready for publication (see below). Only one major concern from referee #1 remains, point #1 of his/her report, mostly related to the statistical analysis of your data. Other comments would be interesting to address, but are not deemed fundamental for publication.
Browsing through the manuscript myself I have also noticed a very small issue with data presentation. Micrographs (Fig S5, for instance) lack scale bars, which we require for clarity.
Once these issues have been solved, I will be glad to accept your manuscript for publication in The EMBO Journal. In any case, please CONTACT ME if you need further input or have any questions.
Thank you very much again for your patience. I am looking forward to seeing the final version of your manuscript.
REFEREE REPORTS
Referee #1:
The manuscript is much improved and the authors have addressed several of my comments. The extensive documentation presented in the supplement and the images in Figure S2 are particularly useful, and the overall conclusions are quite interesting and novel. However, a number of my comments were not addressed, including several important corrections that need to be made prior to publication (listed below).
1. The authors' main claim is that many biological tissues "largely behaved as predicted by the Voronoi iterations." However, these claims are currently only supported by qualitative comparisons. The authors need to perform statistical analyses for all of the comparisons in the paper and provide a p value for the difference between each CVT path diagram and the cell measurements that they are claiming the CVT path is comparable to. This critical analysis, such as using Kolmogorov-Smirnov tests, should be done and the results belong in the main paper.
If I understand correctly, Supplemental Table 2 Figure S1 , Figure S3 and Figure S4 should also be included in the legends of these figures.
This information is needed to support nearly all of the authors' main claims in the paper. Examples include: "the cNT polygon distribution was very similar to the distribution obtained by the random Voronoi Diagram 1," "the natural tessellations analysed in this and other works... always matched the distributions produced by one of the diagrams of the CVT path," and "we confirmed that the cNT, dWL, dWP and BCA images largely behaved as predicted by the Voronoi iterations using the student test to compare them".
3. As mentioned previously, Classen et al (Developmental Cell, 2005) and Zallen and Zallen (J Phys Condensed Matter, 2004 ) are relevant to cite here for the effects of cell rearrangements on cell topology, i.e. in the first paragraph of the Introduction in the sentence that ends "in conjunction with cell rearrangements."
7. I previously noted that the authors made several claims that were not well supported by their data.
They have removed some but not all of these, specifically the issue of inferring causality from correlation. Several examples are listed here.
On page 6: "The results obtained with muscle and Voronoi samples suggested that the conserved polygon distribution is a consequence of general physical constraints, rather than a topological consequence of mitosis." This goes beyond what the authors can claim from their data, as cell division or cell rearrangement could still be responsible for the topological distributions observed in vivo. The authors should change this to: "The results obtained with muscle and Voronoi samples suggested that the conserved polygon distribution could in principle arise through general physical constraints..."
In the last paragraph on page 8: "The increase in the homogeneity of the cell sizes gave rise to a higher number of hexagons, pentagons and heptagons." This increase correlates with a higher number of hexagons, pentagons and heptagons but doesn't necessarily cause the increase. Similarly, at the top of page 9, the authors should remove "that emerge from them" from the following sentence: "In summary, our results support the existence of a constraint that affects any natural tessellation of convex polygons and that correlates the shape of the cell area distributions with the frequency of polygon types that emerge from them."
In the first paragraph on page 10: "Compared to the wild type wing, dMWP had a more irregular cell area distribution, with a higher variance and was moderately left skewed ( Fig. S3B and Table S4 ).
As a result, this altered its polygon frequency (Fig. 4E) , further emphasising the correlation between area and polygon distributions." The beginning of the second sentence claims that altered apical areas are the cause of the altered polygon distribution, where only a correlation was shown. Myosin could also affect cell topology directly, independently of its effect on cell area. The second sentence should be changed to "This change in the cell area distribution was associated with a change in polygon frequency..."
The title of Figure 6 (Computer simulations indicate that the homogeneous resting volume establish the tissue constriction) should be revised. The authors only simulate area, not volume, so they should avoid any conclusions about volume. The authors should also define tissue constriction, as this term is not used in the text, and they appear to be measuring the topological distribution here. Also, although simulations show that changing the resting area can affect topology in theory, this approach does not prove that homogenous resting volumes establish cell topology in vivo. The title should be changed to something like "Computer simulations indicate that changes to homogeneous resting areas are able to alter cell topology."
8. Regarding comment 8c, the authors should provide an explanation of how myosin activity was disrupted in the main text, which is necessary to understand the specificity of the perturbation and the heterogeneity observed. This should be presented at the top of page 10 (rather than in the methods). On page 11 the authors refer to this as an absence of myosin II, but myosin II was most likely reduced but not absent in this experiment.
New text comment: If I understand correctly, the authors perform vertex simulations in 2D and use area as a proxy for volume. Unless they simulate volume directly, they should use the term resting area (rather than resting volume) throughout the text describing the simulations, including at the bottom of page 12 and twice at the top of page 13.
The manuscript has been revised along the lines suggested by the different referees. The revisions have considerably improved the manuscript and, thus, I now fully support publication in EMBO J.
2nd Revision -authors' response 28 October 2015
Answer:
We thank the reviewer for his/her positive evaluation.
Answer: During the preparation of this article we have found that it is not possible to do a fair comparison between all the individual Voronoi diagrams and the different natural tissues. The reason for that is because the succession of Voronoi diagrams is discrete. The Voronoi diagrams are very different in the first steps of the Lloyd iteration (D1, D2…) and become progressively more similar (D5, D6…). This opens the possibility that a natural tissue does not perfectly match any Voronoi diagram since its polygon distribution is "between diagrams". This was the reason that made it necessary to create the continuous CVT and compare each type of natural tissue with its "ideal" counterpart in the CVT. We have briefly explained this in the text.
Therefore, we do not think that a comparison between distributions is a fair analysis. Nevertheless, we have performed most of the comparisons suggested by the reviewer (we have changed some of them for others that we thought were more appropriate).
Regarding the statistics, Kolmogorov-Smirnov cannot be performed in these cases since the data is binned into polygon categories and Kolmogorov-Smirnov needs continuous data. The appropriate test to compare distributions of discrete data is rather a Chi-squared test of independence. We have performed pairwise tests between tissue types using all available samples for the comparisons mentioned in the text. The p values along with the chi-squared statistics are also now in a new Table  S2 .
If I understand correctly, Supplemental Table 2 only compares different polygon frequencies within a single distribution, but does not include quantitative comparisons between distributions. Statistical comparisons between distributions are necessary to support the authors' main conclusions that in vivo patterns closely resemble different points along the CVT path. Without this information, the authors would need to clearly state that they are only making qualitative comparisons and that no quantitative analysis was done.
Answer: In our opinion the data presented in Supplemental Table 2 is quantitative. It is true that the table is not considering the whole distribution since it is comparing the real polygon frequencies with the CVT in each case. However, we are convinced that our approach is a quantitative comparison that gives information about how a tissue is deviating from the CVT. This data is very useful to understand the phenomena occurring in the altered tissues (the Chi-squared test cannot be done in this case since it needs integer counts of k-sided cells and should not be performed with polygon frequencies).
In summary, these are the critical statistical analyses necessary to quantify differences between the natural images and the CVT.
The results of statistical comparisons between distributions should be included in the legends to: Figure S1 , Figure S3 and Figure S4 should also be included in the legends of these figures.
We understand the concern of the reviewer about the difference between qualitative and quantitative.
In the previous version, the claims in the first part of text were qualitative. We are sorry if this was not made sufficiently clear. Then we used the approach explained in the Materials and Methods sections and showed in Table S2 the quantification of the similarity between the natural images and the continuous CVT path.
We have now made it clear in the text that our claims in the first part are qualitative. We have also added the Chi-squared test results in the Table S2 for the main comparisons of polygon distributions. We have related the text to the results of these tests. In addition, we have specifically modified the sentences above since they are not accurate.
We strongly think that it would be sufficient to show the results from these tests in the Table S2 and  Table S4 . We have included these comparisons in Table S2 . Regarding the comparisons of area distribution in Figure 3 and Figure S3 we have performed Kolmogorov-Smirnov tests and modified the text accordingly. We have also included the results in the Table S4.
In the case of Figure 3 we were not comparing directly the above and bottom rows. They are different panels. We include the following comparisons:
cNT vs D1, dWL vs D2, dWP vs D2, BCA vs D5.
Regarding Figure S3 we include EYE vs D1, dWP vs dMWP and BNA vs BCA. We have included these comparisons in the Table S2. In this case the main message of the figure does not concern direct comparisons between polygon distributions. Instead the aim of these simulations is to show that the SICK cells in BNA and the Atrophy simulation were breaking a fundamental constraint: The direct relationship (linear or not) that larger cells should have more sides, and vice versa.
We have included the following comparisons in the Table S2 : BCA 10% vs BNA SICK and Control Sim 10% vs Atrophy simulation SICK. Figure S1 , Figure S3 and Figure S4 should also be included in the legends of these figures.
Statistical analysis of the comparisons in
We have included the p value of the chi-squared comparison dWL vs D4 in the Table S2 (it is not possible to get the same for Volvox since we got only the average data from the literature).
Regarding Figure S4 we have included p value of the chi-square comparison between "Atrophy sim 10% vs Atrophy sim SICK", "BNA 10% vs BNA SICK" and "Ideal Area=1 10% and Ideal Area=1 SICK".
3. As mentioned previously, Classen et al (Developmental Cell, 2005) and Zallen and Zallen (J Phys Condensed Matter, 2004 ) are relevant to cite here for the effects of cell rearrangements on cell topology, i.e. in the first paragraph of the Introduction in the sentence that ends "in conjunction with cell rearrangements." Answer: We have added these two references to the text.
7. I previously noted that the authors made several claims that were not well supported by their data. They have removed some but not all of these, specifically the issue of inferring causality from correlation. Several examples are listed here.
Answer:
We have changed the text as suggested by the reviewer.
In the last paragraph on page 8: "The increase in the homogeneity of the cell sizes gave rise to a higher number of hexagons, pentagons and heptagons." This increase correlates with a higher number of hexagons, pentagons and heptagons but doesn't necessarily cause the increase. Similarly, at the top of page 9, the authors should remove "that emerge from them" from the following sentence: "In summary, our results support the existence of a constraint that affects any natural tessellation of convex polygons and that correlates the shape of the cell area distributions with the frequency of polygon types that emerge from them." Answer: We have changed both points as suggested by the reviewer.
In the first paragraph on page 10: "Compared to the wild type wing, dMWP had a more irregular cell area distribution, with a higher variance and was moderately left skewed ( Fig. S3B and Table S4 ). As a result, this altered its polygon frequency (Fig. 4E) , further emphasising the correlation between area and polygon distributions." The beginning of the second sentence claims that altered apical areas are the cause of the altered polygon distribution, where only a correlation was shown. Myosin could also affect cell topology directly, independently of its effect on cell area. The second sentence should be changed to "This change in the cell area distribution was associated with a change in polygon frequency..."
The title of Figure 6 (Computer simulations indicate that the homogeneous resting volume establish the tissue constriction) should be revised. The authors only simulate area, not volume, so they should avoid any conclusions about volume. The authors should also define tissue constriction, as this term is not used in the text, and they appear to be measuring the topological distribution here. Also, although simulations show that changing the resting area can affect topology in theory, this approach does not prove that homogenous resting volumes establish cell topology in vivo. The title should be changed to something like "Computer simulations indicate that changes to homogeneous resting areas are able to alter cell topology." With tissue constriction we were referring to the physical restriction that affects the packed tissues. We understand that the simulations only affect the area of the simulated cells. The 2D vertex model has served to support conclusions for real tissues that are three-dimensional in several previous publications (Farhadifar et al, 2007; Mao et al, 2011) . We are convinced that this approach strongly suggest that homogeneous resting volume establish cell topology in vivo.
